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ABSTRACT 


The current study was designed to assess the inhibitory activity of Broussonetia papyrifera-derived polyphe- 
nols against 3-chymotrypsin-like and papain-like coronavirus cysteine proteases. The isolated compounds 
were broussochalcone B (1), broussochalcone A (2), 4-hydroxyisolonchocarpin (3), papyriflavonol A (4), 
3’-(3-methylbut-2-enyl)-3’,4,7-trinydroxyflavane (5), kazinol A (6), kazinol B (7), broussoflavan A (8), kazinol F 
(9), and kazinol J (10). All polyphenols were more potent against papain-like protease (PL°'°) than against 
3-chymotripsin-like protease (3CL°"); therefore, we investigated their structural features that were respon- 
sible for this selectivity. Compound 4 was the most potent inhibitor of PL°'° with an ICs value of 3.7 uM. 
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The active compounds displayed kinetic behaviors, and the binding constants of their interaction with 
PLP'° were determined from surface plasmon resonance analysis. Our results suggest B. papyrifera constitu- 
ents as promising candidates for development into potential anti-coronaviral agents. 


Introduction 


Severe acute respiratory syndrome (SARS), a contagious and often 
fatal respiratory illness, was first reported in the Guangdong prov- 
ince in China in November 2002. The disease quickly spread to 
other Asian countries, North America, and Europe, infecting more 
than 8000 individuals and causing approximately 800 deaths’. 
Recently, just as SARS began to fade from public memory, a new 
coronavirus called Middle East respiratory syndrome coronavirus 
(MERS-CoV) emerged in 2012. Pathogenic human CoVs, such as 
MERS-CoV and SARS-CoV, killed approximately 36% of infected 
patients in Saudi Arabia and South Korea’ ™*. It is alarming the 
new and deadly CoVs can emerge at any time with the potential 
to become pandemics. Unfortunately, neither a protective vaccine 
nor an effective antiviral agent for the prevention and treatment 
of SARS is available. Therefore, continued development of thera- 
peutic and prophylactic countermeasures against potentially 
deadly CoVs is warranted. The SARS-CoV is a crown-like enveloped 
virus that contains a positive-strand RNA whose genome sequence 
exhibits only moderate homology to other known CoVs°. Since 
SARS-CoV proteases (3-chymotrypsin-like protease [3CL?™] and 
papain-like protease [PL°"°]) are synthesized as large precursor 
proteins that are cleaved to generate mature active proteins and 
their structures are conserved across the CoV genera, targeting 
these proteins is an effective antiviral strategy in suppressing viral 
genome replication to cure CoV infection'®. 

As a continuation of our interest in natural product-derived 
anti-CoV candidates, we report in this study, the inhibitory actions 


of polyphenols from Broussonetia papyrifera against CoV proteases. 
We have previously reported that the o-glucosidase inhibitory 
activity of polyphenols from this genus depends on the number of 
prenyl groups in the molecule’. Many natural inhibitors of 
various glucosidases have been explored for potential application 
as medicines for carbohydrate-mediated diseases such as cancer®, 
diabetes’, and infectious diseases. Endoplasmic reticulum 
a-glucosidases are responsible for the stepwise removal of ter- 
minal glucose residues from N-glycan chains attached to nascent 
glycoproteins. These reactions are the first steps in N-linked glycan 
processing and are essential for the proper folding and function of 
many glycoproteins'®. Because most viral envelope glycoproteins 
contain N-linked glycans, a-glucosidase inhibitors such as 1-deoxy- 
nojirimycin and castanospermine have been proposed as poten- 
tially useful broad-spectrum antiviral agents based on their activity 
on a variety of enveloped viruses'''*. 

We were encouraged by these preliminary findings and focused 
our attention on investigating the antiviral activities of polyphe- 
nols on CoV cysteine proteases. Here, we characterized and eval- 
uated the anti-SARS/MERS activity of the following B. papyrifera 
root-derived glucosidase inhibitor: broussochalcone B', brousso- 
chalcone A, 4-hydroxyisolonchocarpin’, papyriflavonol At, 3/-(3- 
methylbut-2-enyl)-3’,4’,7-trihydroxyflavane’, kazinol A°, kazinol B’, 
broussoflavan A®, kazinol F? and kazinol J7'°'?. Preliminary bio- 
chemical screening of 14 naturally derived compounds (compris- 
ing authentic and in-house compounds, as well as isoliquiritigenin, 
kaempferol, quercetin, and quercetin-f-galactoside'*) were 
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performed to assess their potential as novel CoV cysteine protease 
inhibitors in vitro. The present results indicate that some of these 
compounds may serve as lead compounds for the development of 
CoV protease inhibitors and can be used to elucidate the structur- 
e-function relationships of varied polyphenols. 


Materials and methods 
Plant materials 


Roots of B. papyrifera were collected at Gonyang in Sacheon, South 
Korea, in July 2008 and were identified by Prof. Myong Gi Chung at 
the Herbarium of Gyeongsang National University (GNUC). A vou- 
cher specimen (KHPark 210709) was deposited at GNUC. 


Chemicals and materials 


Nuclear magnetic resonance (NMR) spectra were analyzed using a 
Bruker AM 500 spectrometer (Bruker, Karlsruhe, Germany), with 
the chemical shifts represented in parts per million (ppm, 5). Thin 
layer chromatography (TLC) was performed on precoated silica-gel 
60 F254 plates and RP-C18 F254s plates (20 x 20cm; Merck, 
Darmstadt, Germany), and spots were visualized by UV illumin- 
ation (254nm) or by spraying with 10% H SO, in ethanol followed 
by heating. Solvents for extraction and isolation were purchased 
from SK Chemicals Co. (Seoul, South Korea) and were redistilled 
before use. Deionized water was prepared from ultrapure water 
processed by a Milli-Q purification system (18.2 MQ; Millipore, 
Billerica, MA). Solvents for NMR experiments (CDCI3, (CD3)2CO, and 
CD30D) were purchased from Cambridge Isotope Laboratories Inc. 
(Andover, MA). 


Extraction and isolation 


The dried roots of B. papyrifera (10.0g) were extracted with etha- 
nol (4.0L, three times) at room temperature and evaporated using 
a rotary evaporator at temperatures below 45°C to obtain the 
total extract (143.0g). A portion of this residue (5g) was fractio- 
nated on a reversed-phase (RP) silica gel column (5 x 30cm, YMC 
ODS AQ-HG 10M, 220g) using a Puriflash 450 medium-pressure 
liquid chromatography (MPLC) system (Interchim, Montlucon, 
France) with a linear gradient of 0% to 100% CH30OH/H,O and 
30 mL/min flow rate to generate nine fractions (BP Fr. 1-9). BP Fr. 
6 and 7, which exhibited the most potent anticoronaviral activity 
among the fractions, were selected for isolation of active com- 
pounds. BP Fr. 6 (456.5 mg) was isolated by preparative high-per- 
formance liquid chromatography (prep-HPLC) using a PLC 2020 
personal purification system (Gilson, Inc., Middleton, WI) with a 
Waters BEH C18 column (Milford, MA) [H2O:ACN, 20 —+80% 
(45 min); 80 —98% (10min); flow rate: 18mL/min] by repeated 
injection of 10mg/mL MeOH dilutions to give compounds 1 
(107.0mg), 2 (181.0mg), 3 (8.0mg), 5 (41.0mg), and 8 (13.0 mg). 
BP Fr. 7 (575.0mg) was subjected to prep-HPLC using a Waters 
BEH C18 column [H,0:ACN, 4 0 98% (45 min); 98% (10 min); flow 
rate: 18mL/min] by repeated injections of 10 mg/mL MeOH dilu- 
tions to give compounds 4 (6.4mg), 6 (115.0mg), 7 (88.0mqg), 9 
(49.6 mg) and 10 (35.8 mg). All isolated compounds were identified 
based on their spectroscopic data. 


UPLC-Q-TOF-MS analysis 


The ethanol extracts and subfractions were analyzed by ultra- 
performance liquid chromatography-photodiode array-quadrupole- 
time of  flight-mass spectrometry (UPLC-PDA-Q-TOF-MS). 


JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY S 505 


Chromatographic separations were performed on a 2.1 x 100mm, 
1.7m Waters ACQUITY BEH C18 chromatography column at 
35°C. The mobile phases A and B were water with 0.1% formic 
acid and acetonitrile with 0.1% formic acid, respectively. The solv- 
ent gradient was programed as follows: O—1min, 10% B; 
1—12min, 10—98% B; and wash to 13.5min with 98% B. The 
recycle time was 1.5 min, and the flow rate was 0.4mL/min. 

The mass spectrometer was operated in positive ion mode. Nz 
was used as the desolvation gas. The desolvation temperature was 
set to 350°C, the flow rate to 500L/h, and the source temperature 
to 100°C. The capillary and cone voltages were set to 2300 and 
35 V, respectively. A Waters Q-TOF Premier™ spectrometer was 
operated in V mode with a mass resolving power of 9000. Data 
were collected for each test sample from 100 to 1500Da with a 
0.25-s scan time and a 0.01-s interscan delay over a 15-min ana- 
lysis time. Leucine-enkephalin was used as the reference com- 
pound (m/z 554.2615 in the negative mode) at an infusion flow 
rate of 1 uL/min. 


Expression, purification and preparation of SARS-CoV viral 
proteases 


SARS-CoV 3CL?"° and PL°’° were prepared according to previously 
described methods'*"'’. For expression of His-tagged SARS-CoV 
3CLP"° and PLP’, recombinant plasmids were transformed into 
Escherichia coli BL21 (DE3) CodonPlus-RIL competent cells 
(Stratagene, La Jolla, CA). The purified proteases were stored 
at —80°C before use in any of the assays described below'*'®. 


Expression, purification and preparation of MERS-CoV viral 
proteases 

Sequences of MERS-CoV PLP (GenBank accession number 
KF192507.1: polyprotein residues 1436-1803) and MERS-CoV 
3CLP'° (GenBank accession number KF192507.1: polyprotein resi- 
dues 3247-3553) were synthesized (BIONEER Co., Daejeon, South 
Korea), digested by Nhel-Xhol and then inserted into the 
pET-28a(+) vector (Novagen), which contained a 6 x His-tag at the 
C-terminus (Figure $32, $33). The constructed plasmids were trans- 
formed into £. coli BL21 (DE3) HIT competent cells (Real Biotech 
Co., Taipei, Taiwan) that were streaked on a LB agar plate contain- 
ing 50 pg/mL kanamycin at 37°C. For large-scale protein expres- 
sion, cultures were grown in 0.5L of LB medium at 37°C to an 
absorbance of 0.5 at 600nm, induced by overnight incubation 
with 0.5mM isopropyl B-d-thiogalactopyranoside (IPTG) at 16°C. 
After centrifuging at 6000g at 4°C for 20 min, the cell pellets were 
suspended in buffer A (20mM sodium phosphate, 300mM NaCl, 
20 mM imidazole, and 0.1% Triton X-100, pH 7.5) and then lysed 
by sonication. The crude extracts were then centrifuged at 12, 
000rpm for 30min to remove the insoluble pellet. The super- 
natant was loaded onto a Ni-Sepharose column equilibrated with 
buffer A. The column was washed with buffer A and the protein 
sample was eluted with 100-300 mM imidazole. The elution buffer 
was then changed to 20mM Tris-HCl buffer (pH 7.5) and the pro- 
tein was concentrated using an Amicon Ultra filter with a 10,000 
molecular weight cutoff (Merck Millipore Ltd, Carrigtwohill, 
Ireland). The enzyme concentration was determined from _ its 
absorbance at 280nm. The purity and molecular weights of MERS- 
CoV 3CLP™° and MERS-CoV PLP'° were verified by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis; the purified proteases 
were approximately 36kDa (3CL?"°) and 33 kDa (PL°"°). The kinetic 
parameters of their enzymatic activity were analyzed with fluores- 
cent substrates, whose concentration ranged from 1.25 to 100 uM. 
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Figure 1. Chemical structures of isolated compounds from Broussonetia papyrifera. 


The K, values were 2.7+0.3 4M (MERS-CoV 3CLP"°) and 50.9+5. 
3uM (MERS-CoV PLP'°) (Figure 2). The purified proteins were 
stored at —80°C before use in any of the assays described below. 


MERS-CoV 3CL?"° assay 


The enzyme activity of MERS-CoV 3CL°" was measured by 
cleavage of the synthetic 11-mer peptide Dabcyl-TSGVLQSGLVK- 
Edans and the nsp4/5 site of the MERS-CoV 3CLP'° polyprotein 
using the fluorescent resonance energy transfer (FRET) method. 
The peptide was synthesized by Anygen Co. (Gwangju, South 
Korea) to approximately 95% purity as determined by HPLC on 
a RP C18 column. The cleavage activity of the enzyme was 
assayed by incubating 80nM MERS-CoV 3CLP° and 10uM of 
the peptide substrate for 60min at 37°C in a total volume of 
200 nL in 20mM sodium phosphate buffer (containing 300 mM 
NaCl, pH 6.0). The enhanced fluorescence due to the protease- 
catalyzed substrate cleavage was measured at an excitation 
wavelength at 360nm and an emission wavelength of 590nm 
using a fluorescence plate reader (FIx800; BioTeck Instrument 
Inc., Winooski, VT). 

For MERS-CoV 3CL°"° inhibition assay with the isolated com- 
pounds, 80nM MERS-CoV 3CL?'° and 0-200 iM of the individual 
compounds were mixed with the substrate (10M) at 37°C, and 
the fluorescence intensity was monitored. The enzyme activity 
(from fitting of experimental data to the logistic curve of Equation 
(1) was determined by using a time-drive protocol with the initial 
velocity recorded over a range of concentrations. The data were 
analyzed by nonlinear regression using Sigma Plot 10.0 


10 


(Systat Software Inc., San Jose, CA). 
Activity (%) = [1/(1 + ([I]/ICso))] x 100 (1) 


MERS-CoV PLP’? assay 


The enzyme activity of MERS-CoV PL°’° was measured by modify- 
ing the SARS-CoV PL"? assay that we previously described'>. The 
fluorogenic peptide Arg-Leu-Arg-Gly-Gly-AMC (ENZO Life Sciences, 
Farmingdale, NY) and 300nM purified MERS-CoV PLP’? in 20mM 
sodium acetate buffer (pH 5.5) were used as the substrate and 
enzyme, respectively. For inhibition studies, 300nM MERS-CoV 
PLP’? and 0-200 1M of the individual compounds were mixed with 
the substrate (SOpM) at 37°C. The fluorescence intensity was 
monitored at excitation and emission wavelengths of 360 and 
460 nm, respectively, on a SpectraMax M?° multimode microplate 
reader (Molecular Devices, Sunnyvale, CA). 


SARS-CoV viral proteases inhibition assay 


The inhibitory effect of each compound on SARS-CoV 3CL”” activ- 
ity was measured using the FRET method"®. In this assay, the 14- 
mer fluorogenic peptide Dabcyl-KTSAVLOSGFRKME-Edans (Anygen 
Co., Republic of Korea) was used as a substrate and enzyme activ- 
ity was determined by measuring the increase in fluorescence 
intensity by continuously monitoring the reaction at 590nm after 
excitation at 360nm using a fluorescence plate reader (FIx800; 
BioTeck Instrument Inc.) for up to 60min. The reaction mixture 
contained 10 g/mL SARS-CoV 3CL°° (final concentration, 2.5 1g), 
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Figure 2. SDS-PAGE of purified MERS-CoV 3CLP"° (A) and MERS-CoV PL?’° (C); Lineweaver-Burk plots for the determination of K,, values against the MERS-CoV 3CLP"° 
(B) and MERS-CoV PLP’? (D). (A, C) M, protein molecular-weight markers (kDa); CL, cell lysate; FT, flow-through; W1, 20mM imidazole wash; E1, E2 and £3, 50, 100 and 
200 mM imidazole elution. (B, D) The reaction was done at various substrate concentrations to obtain K,, value of the enzyme. SigmaPlot was used to fit the kinetic 


data using Lineweaver—Burk double reciprocal plots. 


the test compounds (0 to 200M), and 10uM of the fluorogenic 
14-mer peptide substrate in 20 mM Bis-Tris buffer (pH 7.5). 

The activity of SARS-CoV PLP was measured using a method 
previously described by our group'”’'®. The inhibition assay was 
optimized in a 96-well plate to establish suitable assay conditions 
and incubation times. The fluorogenic peptide Arg-Leu-Arg-Gly- 
Gly-AMC (ENZO Life Sciences, Farmingdale, NY), and 208nM puri- 
fied SARS-CoV PLP’° in 20mM Tris-HCl buffer (pH 6.8) were used 
as the substrate and the enzyme, respectively. For inhibition stud- 
ies, 54nM SARS-CoV PL°'° and 0-200 uM of the individual com- 
pounds were mixed with the substrate (50M) at 37°C. The 
fluorescence intensity was monitored at excitation and emission 
wavelengths of 360 and 460nm, respectively, on a SpectraMax 
M?° multimode microplate reader (Molecular Devices). 

To study the kinetics of SARS-CoV PLP inhibition by com- 
pounds 1-10, various concentrations of these compounds were 
mixed with SARS-CoV PL°"° in assay buffer containing a predeter- 
mined substrate. The inhibition constant, K; was calculated by non- 
linear regression analysis by fitting different models of enzyme 
inhibition to the kinetic data using SigmaPlot Enzyme Kinetics 
Module 1.3 (Systat Software Inc., San Jose, CA). The inhibition 
mechanism of the compounds was determined by comparing the 
statistical results, which included Akaike information criterion 


corrections (AlCc), with different inhibition models and selecting 
the one with the best fit'®. 


SARS-CoV PL?’° deubiquitination assay 


The fluorogenic substrate Ub-AMC (Ubquitin-7-amino-4-methylcou- 
marin) (Enzo Life Sciences) added at a concentration of 100nM to 
20mM Tris-HCl buffer (pH 6.8) was used for deubiquitination 
assays as previously described'°. The enzymatic activity at 37°C 
was determined by continuously monitoring the fluorescence 
emission and excitation wavelengths at 360 and 460nm, respect- 
ively, with a SpectraMax M?° multimode microplate reader 
(Molecular Devices Co., Sunnyvale, CA). The release of AMC was 
measured in the same manner as described previously”°?". 


SARS-CoV PL?’ delSGylation assay 


The SARS-CoV PL°"° inhibition assay with interferon-stimulated 
gene 15 (ISG15)-AMC (Boston Biochem, Cambridge, MA) was per- 
formed in a 96-well plate at 37°C in 20mM Tris-HCl buffer (pH 
6.8) containing 54nM SARS-CoV PL®’° and various concentrations 
of the compounds ranging from 1 to 200uM. The ISG15-AMC 
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Table 1. Inhibitory effects of isolated polyphenols 


and commercial polyphenols on SARS-CoV cysteine proteases. 


SARS-CoV 3CLP"°, 
Compounds ICso (uM)? ICso (uM) 
1 57.8+0.5 11.6+0.7 
2 88.1 + 13.0 9.2+1.5 
3 202.7 + 3.9 35.4411.3 
4 103.6 + 17.4 3.7+1.6 
5 30.2468 35.846.7 
6 84.8+10.4 66.2+6.8 
7 233.3 46.7 31.4429 
8 924+2.1 30.445.5 
9 43.3+10.4 27.842.5 
10 64.2+1.7 15.2+1.6 
Isoliquiritigenin 61.94 11.0 24.6 + 1.0 
Kaempferol 116.3+7.1 16.3+2.1 
Quercetin 52.7+4.1 8.6 + 3.2 
Quercetin-B-galactoside 128.8+4.5 51.9+5.5 


SARS-CoV PL", ICso (1M) 


Noncompetitive (6.6 + 0.5) 


LRLRGG-AMC 
Deubiquitination DelSGylation 
Inhibition type (K;, 4M) activity activity 
8.9+0.8 10.2+1.4 
Noncompetitive (8.0 + 0.4) 21.8+41.8 12.6+41.8 
Noncompetitive (27.7 + 1.7 30.9+5.7 28.8 + 3.3 
Noncompetitive (5.9 + 0.4) 7.6+0.4 8.541.2 
Noncompetitive (15.9+0.8 41.4+3.0 34.2414 
Noncompetitive (40.5 + 3.4 74.8+45.7 70.8 + 10.5 
Noncompetitive (36.7 + 2.7 21.4+0.2 21.5+3.8 
Noncompetitive (23.4 + 1.6 59.9+0.5 52.1+6.3 
Noncompetitive (12.1 + 0.7 45.2+5.5 31.243.2 
Noncompetitive (10.7 + 0.9 33.3 40.2 30.3424 
Noncompetitive (23.0 + 0.9 17.2423 12.6+0.7 
Noncompetitive (13.7 +0.8 61.7+3.8 71.7474 
Noncompetitive (7.0 + 0.7) 20.7 + 2.0 34.442.6 
Noncompetitive (56.1 +2.5 136.9447 67.7484 


*All compounds were examined in a set of experiments repeated three times; IC59 values of compounds represent the concentration that caused 50% 


enzyme activity loss. 


substrate concentration was 50nM. The release of AMC was moni- 
tored at excitation and emission wavelengths of 360 and 460 nm, 
respectively”®. 


Real-time analysis of ligand interactions with proteases by 
surface plasmon resonance (SPR) 


Surface plasmon resonance (SPR) measurements were performed 
on a Reichert SPR SR7500DC instrument (Depew, NY), which was 
kindly provided on loan from WOOJUNG BSC, Inc. (Suwon-si, 
Korea). The enzyme was dialyzed in phosphate-buffered saline 
(PBS, pH 7.4) prior to immobilization. The surface of dextran- 
coated chips (CMDH, carboxymethyldextran hydrogel chip) was 
activated with a 7-min injection of EDC/sulfo-NHS mixture at 200/ 
50mM concentration. The protein was diluted to 250 g/mL using 
10mM sodium acetate buffer (pH 4.0) and was injected for 40 min. 
The active sites were quenched with 1 M ethanolamine buffer (pH 
8.0) and washed with PBS (pH 7.4). The binding surface was stabi- 
lized with 3-5 blank injections of PBS, which was used as the run- 
ning and sample dilution buffers in all experiments. The tested 
inhibitors were first prepared as 20mM stock solutions in dimethyl 
sulfoxide (DMSO) and further diluted with PBS immediately prior 
to the experiments. The binding reaction was analyzed by auto- 
mated runs of a twofold dilution series and two zero concentra- 
tion injections. Regeneration steps were performed using 10mM 
NaOH. The data was analyzed with the Scrubber2 software. 
Reference and blank binding dissociation curves were fit globally 
to a two-state binding kinetics model”. 


Results and discussion 


The high potency of the chloroform extract (IC59=9.3 g/mL 
against o-glucosidase) indicated the presence of compounds that 
may by therapeutic against infectious diseases’. Therefore, the 
major compounds of BP Fr. 6 and 7 were expected to exhibit 
enzyme inhibitory activities. UPLC-PDA-QTOF-MS analyses were car- 
ried out using a C18 column with a linear gradient of acetonitrile/ 
water. Each peak was characterized using MS. The m/z values of 
molecular ions [M-H]~ of compounds 1-10 were 323, 339, 321, 437, 
325, 393, 391, 425, 395, and 409, respectively (Supplementary 
material). We isolated ten active compounds using prep-HPLC on 


Table 2. MERS CoV proteases (3CLP° and PL") inhibitory activity of polyphe- 


1-10 


nols’ ~~ and commercial polyphenols 

MERS-CoV 3CLP'°, MERS-CoV PLP’°, 
Compounds ICsq (uM)? ICso (uM) 
1 27.941.2 112.9+ 10.1 
2 36.2+0.4 42.1+5.0 
3 193.7+ 15.6 171.6+ 10.2 
4 64.5+4.9 112.5+7.3 
5 34.7 + 2.0 48.8 + 6.6 
6 NAP 88.5 +3.9 
7 NA 94.9+ 13.1 
8 125.7+17.4 49.1+7.5 
9 135.0+5.1 39.5+5.1 
10 109.2 +3.7 55.0+ 1.3 
Isoliquiritigenin 33.947.7 82.2+47.7 
Kaempferol 35.3453 206.6 + 1.7 
Quercetin 34.84 1.2 NA 
Quercetin-B-galactoside 68.0 + 2.4 129.44 14.5 


“All compounds were examined in a set of experiments repeated three times; 
ICsg values of compounds represent the concentration that caused 50% enzyme 
activity loss. 

b ole 

No activity. 


octadecyl-functionalized silica gel. The isolated compounds were 
characterized by comparison of spectroscopic data, including 1D 
and 2D-NMR, mass spectral data of molecular ions, UV-Vis absorp- 
tion maxima, and optical rotation, with those published previ- 
ously”'*. Compounds 1-10 were identified as broussochalcone B', 
broussochalcone A’, 4-hydroxyisolonchocarpin*, papyriflavonol A‘, 
3/-(3-methylbut-2-enyl)-3’,4’,7-trihydroxyflavane’, kazinol A°, kazinol 
B’, broussoflavan A®, kazinol F? and kazinol J'° (Figure 1). 

We first expressed CoV cysteine proteases (SARS-3CL°"°, SARS- 
PLPr°, MERS-3CLP"°, and MERS-PL®"°) in E. coli, purified the proteins 
to homogeneity, and determined their activity with a fluorometric 
cleavage assay. The ICsg values of the isolated compounds, which 
measure their ability to inhibit the catalytic activity of the pro- 
teases, were calculated by fitting the data to a logic derivative 
equation. We also examined the a-glucosidase inhibitory capacity 
of the isolated compounds’. These compounds showed dose- 
dependent inhibitory effects on both o-glucosidase and cysteine 
proteases. Results of the CoV cysteine protease inhibition assays 
are summarized in Tables 1 and 2. All tested polyphenols (1-10) 
showed dose-dependent inhibitory effect on SARS-CoV PLP° 
(Figure 3). As shown in Table 1, the compounds were more potent 
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Figure 3. Effects of compounds 1-10 on the activity of SARS-CoV PLP’? for prote- 
olysis of substrates (A; LKGG-AMC, B; Ubiqutin-AMC, C; ISG15-AMC). 


against SARS-CoV PL°’° compared with the other cysteine pro- 
teases. The ICs values of compounds 1-10 against trans-cleavage 
activity of SARS-CoV 3CLP"° ranged from 30.2 to 233.3 uM. Among 
the isolated polyphenols, the C5-alkyl group (prenyl)-substituted 
flavan° exhibited the most potent inhibitory effect against SARS- 
CoV 3CL°"° and was more effective than quercetin (IC59= 52.7 1M). 
General structural-activity relationships can be deduced from 
these data, for example, molecules with a C4-OH group and a 
saturated chromenone with a dihydroxy group at ring C showed 
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Figure 4. Graphical determination of the inhibition type for compounds. (A) 
Lineweaver-Burk plot for the inhibition of compound 2 on SARS-CoV PLP'°. (B) 
Lineweaver-Burk plot for the inhibition of compound 4 on SARS-CoV PLP". 


higher inhibitory activity than those with a closed prenyl group (7, 
IC59= 233.3 uM). Chalcones (1-3, ICso: 57.8-202.7 tM) and biphenyl 
propanoids (9 and 10, ICso: 43.3-64.2 uM) moderately inhibited 
SARS-CoV 3CLP'° activity. Furthermore, the activity of the com- 
pounds was significantly affected by subtle changes in their 
molecular structure, such as from prenylation and methylation 
(vide infra). 

The prenylated flavone derivative, 4, exhibited the highest 
inhibitory effects on SARS-CoV PLP'® (ICsg=3.7 uM). The positions 
of the two prenyl groups had substantial effect on SARS-CoV PLP'° 
inhibition by the corresponding compounds. The SARS-CoV PLP"? 
inhibitory potency of the prenyl flavone was considerably higher 
than that of flavone derivatives, including keampferol 
(IC59= 16.3 nM), quercetin (IC59=8.6 1M), and quercetin-B-galacto- 
side (IC57=51.9 uM). It is probable that the presence of a prenyl 
group within the resorcinol group allows for the formation of 
strong hydrophobic interactions with the enzyme. Additionally, an 
increase in the number of hydroxyl groups in the flavone back- 
bone resulted in higher inhibitory activity, which can be noted 
from the lower ICs) value of quercetin (8.6 uM) compared to that 
of kaempferol (IC59= 16.3 nM). Among chalcone derivatives with a 
closed prenyl ring (chromenone, which is characterized by a C5- 
prenyl group in ring B), diminishing protease inhibitory activity 
was observed (2, IC59=9.2 uM >1, IC59= 11.6 LM > isoliquiritigenin, 
IC59 = 24.6 UM>3, ICs59 = 35.4 UM). In contrast, the number of prenyl 
groups and the degree of saturation did not have any effect on 
the prenylated flavans. As shown in Table 1, all flavans except 
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Figure 5. Surface plasmon resonance analysis for the interaction of compounds with SARS-CoV PLP° (A) Normalized refractive index change obtained for different com- 
pounds (1, 2, 4 and 10) concentrations. The experiments were carried out in PBS at a 30 uL/mL flow rate. (insert) The linear dependence of the response in function of 


the concentration of compounds injected over immobilized SARS-CoV PLP’° 


support the idea of nonspecific direct binding. (B) SPR sensogram of the interaction 


between compounds of 40 uM and SARS-CoV PLP? (left). The Kp values for the binding compounds to immobilized SARS-CoV PL?'°. k, and kg from where Kp were cal- 


culated are also shown (right). 


6 exhibited moderate inhibitory activity (IC59 values ranging from 
30.4 to 35.8uM). Additionally, compound 10, which contains a 
methoxy group that is also present in the corresponding biphenyl 
propanoids, was two-fold more effective (IC59= 15.2 1M) than the 
unmethylated 9. 

To investigate the protease inhibition mechanism, we examined 
the effect of the compounds (1-10 and corresponding com- 
pounds) on the kinetics of substrate proteolysis. The kinetic stud- 
ies showed that compounds 2 and 4 exhibited noncompetitive 
inhibition based on Lineweaver-Burk plots (1/V vs. 1/[S]) with the 
same x-axis intercept (Figure 4). Inhibition of SARS-CoV PL°’° activ- 
ity decreased with increasing concentrations of the substrate. 
All inhibitors studied exhibited the same mode of inhibition. 
The K; values of the compounds were calculated from Dixon plots 
(Table 1). 


Surface plasmon resonance is a useful technique for monitoring 
molecular reactions in real-time and has been used to determine 
binding specificity as well as rates of association and dissociation 
between ligands and target proteins. In this study, SARS-CoV PLP'° 
was immobilized on a sensor chip and the most potent PL°’° 
inhibitor, compound 4, was passed over the sensor's surface. As 
shown in Figure 5, the interaction of compound 4 with SARS-CoV 
PLP'° was due to a specific binding event. The SPR sensorgram 
was recorded at different concentrations of the compound and 
was used to determine the kinetic-binding parameters, the associ- 
ation rate constant (k, uM~ | s~ '), and the dissociation rate con- 
stant (kg, s_ '). For SARS-CoV PL°'°, compound 4 increased the SPR 
sensorgram in a significant and dose-dependent manner. The Kp 
(kg/ka) for the interaction between compound 4 and SARS-CoV 


PLP° indicated a classical interaction, with kz=21.0uM~' s—', 


kg=0.004448s~', and Kp=212uM. Although inhibition assays 
revealed compound 2 as the second most potent inhibitor of 
SARS-CoV PLP", its Kp was higher than that of compound 4. 

In recent year, PL has been the focus of numerous studies 
on the development of chemotherapeutic drugs against CoV- 
induced diseases. It is part of the nsp3 protein, and cleaves at the 
nsp1/2, nsp2/3 and nsp3/4 boundaries by recognizing the LXGG 
consensus motif. In addition, PL°™ exhibits deubiquitinating (DUB) 
activity and antagonizes the induction of type-1 interferon (IFN). 
Interferon-stimulated gene 15 is one of the most upregulated 
genes upon type | IFN stimulation and is involved in tagging 
newly synthesized proteins during an antiviral response. Both ubi- 
quitin and ISG15 may have important implications in viral replica- 
tion and pathogenesis. SARS-CoV PL°’° can cleave ubiquitin and 
ISG15 from cellular conjugates. Similarly, MERS-CoV PLP° has also 
been shown to possess DUB and delSG15ylating activities. Thus, 
an effective anti-CoV drug is one that inhibits viral protease activ- 
ity as well as DUB and delSG15ylating activities. Since 4 inhibits 
SARS-CoV PLP®, we postulated that its efficacy would be higher 
by having DUB and delSG15ylating activities. Compound 4 
strongly inhibited the cleavage of both ubiquitin and ISG15 (ICso 
values of 7.6 and 8.5uM, respectively). Complete substitution of 
prenyl groups (4 vs. quercetin, ICsg values of 20.7 and 34.4uM, 
respectively) and introduction of hydroxyl groups strongly affected 
activity (quercetin vs. kaempferol, ICs9 values of 61.7 and 71.7 uM, 
respectively). All of the tested compounds display moderate inhib- 
ition of in vitro cleavage of ubiquitin (ICs9=7.6-136.9 1M) and 
ISG15 (IC59=8.5-71.7 uM) (Table 1). To date, the function of the 
DUB activity of PL°’° in vivo is unknown, as is the identity of its in 
vivo cellular substrate. Thus, further investigation is necessary to 
determine the specificity of its inhibition by measuring the cleav- 
age of ubiquitin-like protein ISG15, which could reveal whether 
delSGylation by PL°’° is a mechanism by which SARS-CoV inacti- 
vates IFN-o/B-induced innate immune response. 

To determine whether the isolated compounds described ear- 
lier are effective inhibitors of MERS-CoV cysteine proteases, their 
inhibitory potential were assessed using recombinant 3CL and PL 
proteases expressed in our laboratory. As shown in Table 2, none 
of the compounds were potent or selective against MERS-CoV 
cysteine proteases. Compound 1 effectively inhibited MERS-CoV 
3CLP"° activity (IC59=27.9 1M), similar to its effect against SARS- 
CoV 3CLP"°. It also has a comparable mode of action for subtle 
structural changed. On the other hand, the isolated polyphenols 
did not show any significant inhibitory activity against MERS-CoV 
PLP’ (ICsq values ranging from 39.5 to 171.6 uM). The most potent 
MERS-CoV PL?® inhibitor was the biphenyl propanoid, compound 
9 (ICs9=39.5 UM). 


Conclusions 


SARS-CoV, and the recently emerged MERS-CoV, are able to cross 
species barriers and spread rapidly among humans. In this study, 
we assessed the inhibitory activity of polyphenols derived from B. 
papyrifera against CoV cysteine proteases. All isolated polyphenols 
(1-10) markedly inhibited both 3CL and PL CoV proteases. The 
ICs9 values of these compounds, though higher than those of pep- 
tide-derived inhibitors, were still in the low micromolar range. In 
particular, the isolated compounds exerted significant SARS-CoV 
PLP inhibitory activity through noncompetitive inhibition. 
The prenylated quercetin derivative 4, showed the most potent 
PLP? inhibitory activity (IC59=3.7 uM). Additionally, we performed 
detailed protein-inhibitor SPR-binding analyses of compound 4 
with SARS-CoV PLP'°. Cellular deubiquitination and delSGylation 
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activity of the compounds were also discussed. Based on our 
enzymatic data showing significant activity of these compounds 
against CoV proteases, we aim to design more effective CoV inhib- 
itors in future studies. 
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